Magnetostrictive transducer output force, displacement, and bandwidth characteristics are well suited for a variety of active vibration control applications. However, their use is limited in part because these transducers are known to be nonlinear. The transducer in this study is assumed to be a linear system and its output harmonics are assumed to be disturbance inputs.
Magnetostrictive transducers are traditionally considered as being reasonable approximations of linear systems at low drive amplitudes 1,2,4 and as becoming very nonlinear at high drive amplitudes. 3, 4, 5 (Linear in the sense that sinusoidal input produces sinusoidal output.) These are all relative terms. A more concrete example is shown in Fig. 1a and 1b which respectively display plots of percent displacement from current (||u/I|| as a percentage of the displacement measured when driven at 800 mA) and percent harmonic distortion (%HD) versus drive current amplitude. The data in Fig. 1 were calculated from information given in Table 5 .1 of reference 2, which also provides a full description of the transducer used. For these tests, the * Terfenol-D is a magnetostrictive material which was discovered at the Naval Ordinance Laboratory and it is produced by alloying the rare-earths terbium and dysprosium with iron. Thus, Terfenol-D stands for Ter(bium) + fe (iron) + nol (Naval Ordinance Laboratory) + D(ysprosium). It has been commercially available since the late 1980s. An authoritative discussion of the physics of the material is available in reference 4.
transducer was driven by 200 Hz sinusoidal drive currents of various amplitudes using an amplifier with a current-control module. As operated, a "high" drive current amplitude for this transducer was 800 mA zero to peak.
Measured acceleration autospectral density functions (0 -2 kHz) were obtained for each drive-current amplitude. Displacement from current values were those corresponding to the 200 Hz component only, and all are shown as percentages of the 800 mA value (11.2 µm/A) and thus show the change in output sensitivity as a function of input. %HD was calculated as the ratio of the summation of the harmonic amplitudes to that of all of the amplitudes (the harmonics occurred at integer multiples of the fundamental).
Displacement per amp is clearly not a constant for this transducer.
Driving this system harder produces significant gains in output displacement per unit input current. (Linearization of this output/input relationship is not addressed in this study.) Unfortunately, wave form harmonic distortion also increases with increasing drive current amplitudes. Thus, although significant increases in output displacement and force (and therefore control authority) occur with increasing drive amplitudes (Fig. 1a) , increased harmonic distortion with increasing drive amplitudes (Fig. 1b) limits the utility of these transducers in vibration control applications, where undesirable excitation of structural modes by transducer harmonics can occur.
Thus, one would like to decrease the output harmonics in order to take advantage of the significant increases in the useful displacement range of transducer operation with higher drive amplitudes. That was the impetus for the investigation reported here. 
MODELING APPROACH
The magnetostrictive transducer is modeled as a linear system satisfying a pair of linear simultaneous equations. The harmonic frequencies present in the state variables will be thought of as disturbances.
The canonical form of the transduction equations, as applied to a magnetostrictive transducer, is: 1 V = Z e I + T em v (1a)
where: V = voltage across the transducer leads, volts; Z e = blocked electrical impedance of the transducer (blocked physically, i.e., the electrical impedance one would measure if the output velocity were held at zero) = sL e + R e , where s is the Laplace operator, L e is the blocked electrical inductance, henries, and R e is the dc resistance of the wound wire solenoid, in units of 
where: u = transducer output displacement, meters m, a = transducer output acceleration, m/s 2, and equations presented are functions of the Laplacian operator s. All of these equations will be useful when modeling the transducer as part of the overall controlled system.
FEEDBACK MODELS USING A CURRENT-CONTROL AMPLIFIER
The magnetic field applied inside a transducer is directly proportional to the product of the number of turns per meter of the transducer's solenoid and the current through the solenoid. 
This function has two, possibly complex zeros in the LHP (left half-plane) given as:
and the Routh-Hurwitz criteria 10 guarantees that it will have its three poles in the LHP (be stable) if:
This derivation assumes that the system parameters are constants, independent of drive magnitude and frequency. These are tenuous assumptions when dealing with Terfenol-D transducers, as discussed in references 11 and 12. (T, R e , L e , K a , and k x are all of particular concern with these actuators.).
Other relations could be developed assuming one had a current-controlled amplifier that was robust enough to be a reasonable approximation of the constant K a . That was not the case in this investigation. Although current control was attempted, magnetostrictive transducers are very active loads and the amplifier current output did not follow the input signal sufficiently at different frequencies to study the case of constant K a .
FEEDBACK MODELS USING A VOLTAGE CONTROL AMPLIFIER
The rest of the work presented employs models based on a voltage-controlled amplifier. This model is a bit more complex in that the applied magnetic field in the transducer is now proportional to the product of the turns per meter of the solenoid, the voltage across the solenoid, and the inverse of Eqn. 3, a complex valued electrical impedance function that varies with operating conditions.
In addition, emphasis will be placed on oscillatory drive conditions using an accelerometer as the feedback transducer. This was done for two reasons:
1) The equipment was available. 2) Small amplitude disturbance displacements are anticipated and using an accelerometer as the feedback transducer exploits the ω 2 signal amplification inherent to acceleration measurements. 
The transfer function for output acceleration from a given input disturbance acceleration is given as:
Note that Eqns. (8) and (9) have the same characteristic equations (same denominators) and that the control parameters appear as coefficients of different powers of s (which contains the frequency). Thus, it can be expected that derivative feedback will be most helpful at reducing harmonics at the high frequencies. Similarly, k p will be most useful at medium to high frequencies and k i will help in the low to medium frequency range.
Classical stability analysis might be applied to these characteristic equations. However, it was not done in this study owing to the variability of 
RESULTS
In this section, experimental evidence is offered to show that the control system generally improves the linearity of the transducer. Also, realities of the circuits and components employed will be discussed (including procedures for obtaining transducer parameters) and model predictions will be compared with experimental measurements of magnetostrictive transducer behavior.
Emphasis is placed on voltage-control.
Trends
An example of the effects of simple proportional feedback on the output acceleration of the transducer is shown in Data in Table 1 were calculated from experimental measurements like those shown in Fig. 5 (the 250 mA high gain data is that shown in the figure). For these tests, two different proportional gains (the "low" gain was approximately half of the "high" gain) were used at three different amplitude 1000 Hz drive-currents. In all cases increasing the proportional feedback reduces the harmonic distortion and the distortions increase with increasing drive-current amplitudes. The second trend is in agreement with that shown in 
Transducer-Controller System Modeling
The input-output relationship for the Techron 7520 amplifier was measured.
(The amplifier was fitted with a 75A08 control module, set for voltage control.) The system behaved somewhat like a first order system with a -3 dB point at about 57 kHz. Unless specified otherwise, it was modeled as a constant gain with a linear phase lag over the appropriate frequency range (usually 0 to 6 or 10 kHz).
The analog control circuit was built in-house. Input-output relationships for each stage of the circuit were measured and compared with the theoretical relationships. Theory and experiment were found to be in excellent agreement.
However, difficulties were encountered. The resonant frequency of the accelerometer as mounted was at 47 kHz. This frequency was fed back to the controller along with the disturbances that the system was designed to cancel.
It seemed that the transducer output harmonics almost always contained a component sufficiently near 47kHz to excite the accelerometer resonance. It was necessary to place a band-pass filter between the accelerometer and the summing amplifier in order to avoid feeding back and oscillating (it was also needed to block the low frequency drift of the accelerometer signal conditioner). The transfer function for this filter was: Model 2, however, did a better job of matching the experimental measurements.
Model 2 in Fig. 6 was calculated using the electrical impedance modeling technique developed in reference 2. A brief outline of the technique follows.
Transducer and material parameters are measured/inferred by electrical impedance and admittance analysis performed on experimental measurements of the transducer's electrical impedance and displacement from electric current functions. These functions are measured using a current-control driver since However, they remained constant for the experiments which are compared with the model calculations.
It should be mentioned that a third method of estimating Z e and T was tried, and it resulted in fairly reasonable approximations of the feedback control system behavior. One can measure V/I for the transducer, as run, perform a linear curve fit to the real and imaginary parts separately, and use the resulting empirical relations for Z e (ƒ). These relations will include an approximation of the eddy current effects, i.e., the real part will be a function of frequency. One can then estimate T by solving Eqn. (3) as above, only this time using the experimental measurement of V/I.
Feedback Control System Performance
Attention will now be paid to the effects of the feedback control system on the amplitudes of the harmonic accelerations. (Recall Eqn. (9) for a/a d .)
For the experimental "measurements" of this function, one test was run at a
given current amplitude at a single frequency (e.g., 0.15 A @ 1000 Hz) without feedback control, followed by an otherwise identical test with feedback control. In each case, acceleration autospectral density functions were calculated over an extended frequency range (e.g., 0 -10000 Hz) in order to measure the harmonics. The experimental "measurement" of a/a d was calculated as the difference, in dB, between the uncontrolled and the controlled experimental measurements. Hz sinusoidal current. Thus, the first disturbance/harmonic would be at 1000
Hz, the second at 1500 Hz, the third at 2000 Hz, etc. The largest discrepancies between model and experiment occurred at 4000, 5000, and 6000
Hz. The experimental measurements at these frequencies were in excess of 60 dB below the fundamental's amplitude; thus, while still above the noise floor, they are suspect due to the instrumentation's dynamic range. For this test the mechanical resonant frequency was approximately 3200 Hz. Note the 15 dB attenuation near resonance and the increase in amplitude of the disturbance accelerations for 5000 Hz and above, and for frequencies below 1000 Hz. The effects of including a derivative controller are seen by comparing
Figs. 7 and 8. Note that the differentiator improved the high frequency disturbance attenuation of the system. This trend was anticipated in the discussion below Eqn. (9) . As in Fig. 7 , the 4, 5, and 6 kHz experimental measurements in Fig. 8 were more than 60 dB down, thus they are suspect.
Note, however, the substantial agreement between experiment and the model simulation. It is also apparent from the data that adding differential feedback slightly increases the harmonic distortion at the lower frequencies and decreases the distortion as frequencies increase.
DISCUSSION
Now that some confidence exists that the models developed in this study yield predictions which resemble transducer behavior, the models are used to predict some performance trends. First, the influence of the band pass filter The analytical expressions previously developed were used to explore system behavior under the assumptions that one used better components and then added an integrator to the controller. Model predictions indicate that there is a lot to be gained by employing both an integrator and higher quality components. The techniques developed in this paper are applicable to general vibration control applications that employ magnetostrictive transducers.
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